Several key proteins have been localized to junctional sarcoplasmic reticulum which are important for Ca 2؉ release. These include the ryanodine receptor, triadin, and calsequestrin, which may associate into a stable complex at the junctional membrane. We recently purified and cloned a fourth component of this complex, junctin, which exhibits homology with triadin and is the major 125 I-calsequestrin-binding protein detected in cardiac sarcoplasmic reticulum vesicles (Jones, L. R., Zhang, L., Sanborn, K., Jorgensen, A. O., and Kelley, J. (1995) J. Biol. Chem. 270, 30787-30796). In the present study, we have examined the binding interactions between the cardiac forms of these four proteins with emphasis placed on the role of junctin. By a combination of approaches including calsequestrin-affinity chromatography, filter overlay, immunoprecipitation assays, and fusion protein binding analyses, we find that junctin binds directly to calsequestrin, triadin, and the ryanodine receptor. This binding interaction is localized to the lumenal domain of junctin, which is highly enriched in charged amino acids organized into "KEKE" motifs. KEKE repeats are also found in the common lumenal domain of triadin, which likewise is capable of binding to calsequestrin and the ryanodine receptor (Guo, W., and Campbell, K. P. (1995) J. Biol. Chem. 270, 9027-9030). It appears that junctin and triadin interact directly in the junctional sarcoplasmic reticulum membrane and stabilize a complex that anchors calsequestrin to the ryanodine receptor. Taken together, these results suggest that junctin, calsequestrin, triadin, and the ryanodine receptor form a quaternary complex that may be required for normal operation of Ca 2؉ release.
Ultrastructural and biochemical evidence suggests that a protein complex exists at the junctional SR 1 membrane in cardiac and skeletal muscle to facilitate the release of Ca 2ϩ which occurs during muscle contraction (1) (2) (3) (4) . Components of this protein complex identified to date include the ryanodine receptor or Ca 2ϩ release channel, which is visualized by electron microscopy as projecting feet on the cytoplasmic surface of the junctional membrane (2, 4); calsequestrin, a high capacity Ca 2ϩ -binding protein located in the junctional SR lumen, which buffers the calcium that is released during muscle contraction (5) (6) (7) (8) ; and triadin (9 -11) and junctin (8, 12) , putative "anchoring" proteins, which appear to stabilize calsequestrin at the inner face of the junctional SR membrane. Calsequestrin is seen by electron microscopy as an electron-dense matrix in the SR lumen, where the protein appears to be physically connected to ryanodine receptors by "anchoring strands" (13) or "rope-like fibers" (14) . Biochemical evidence suggests that calsequestrin actively participates in muscle contraction by regulating the amount of Ca 2ϩ released by the ryanodine receptor (15) (16) (17) (18) . This regulatory effect may be mediated by calsequestrin-anchoring proteins such as triadin (19, 20) and junctin (8, 12) .
Junctin (8, 12) and triadin (11, 20) are integral membrane proteins sharing structural and amino acid sequence similarity which co-localize with the ryanodine receptor and calsequestrin at the junctional SR membrane in cardiac and skeletal muscle. Junctin was first identified as a 26-kDa calsequestrin-binding protein in cardiac and skeletal muscle junctional SR membranes with use of an 125 I-calsequestrin filter overlay assay, where it was the main calsequestrin-binding protein detected (8) . Based on this result, it was proposed that junctin was one of the proteins anchoring calsequestrin to the SR membrane. Subsequently, junctin was purified and cloned and shown to be identically expressed in skeletal and cardiac muscle (12) . Triadin was first identified as a 95-kDa protein in skeletal muscle junctional SR vesicles (9, 10) . Subsequently, one skeletal muscle (11) and three cardiac (20) triadin isoforms were cloned. The cardiac triadin isoforms exhibit apparent molecular weights of 92,000 (triadin 3), 40,000 (triadin 2), and 35,000 (triadin 1) on SDS-PAGE. All triadin isoforms share identical sequences from residues 1-264. Although junctin and triadin are the products of different genes, they exhibit intriguing similarities. Both proteins have single membrane spanning domains that are 62% identical, short N-terminal segments located in the cytoplasm, and long C-terminal tails, which project intralumenally and are highly charged and basic (11, 12, 20) . Notable in the lumenal domains of both proteins is the frequent occurrence of long runs of alternating positively and negatively charged residues, which are especially enriched in lysine and glutamic acid. Recurring sequences of this type have been described by others as "KEKE" association motifs and are thought to be involved in the promotion of several types of protein-protein binding interactions (21) (22) (23) . A GST fusion protein containing the common lumenal domain of triadin, composed of residues 69 -264, and incorporating the KEKE regions was recently * This research was supported by National Institutes of Health Grant HL28556. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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shown to interact directly with calsequestrin and the ryanodine receptor in detergent extracts prepared from skeletal muscle homogenates (19) and cardiac microsomes (20) . These results provided evidence for an anchoring role for triadin, in which it connects calsequestrin to the ryanodine receptor at the junctional SR membrane in cardiac and skeletal muscle (19, 20) .
The close structural similarities between junctin and triadin suggest that both proteins have related functions. However, to date little is known about the biological role of junctin and whether, in particular, junctin, like triadin, is capable of interacting directly with the ryanodine receptor, as well as with calsequestrin (8, 12) . Moreover, for triadin itself, formation of a complex between the ryanodine receptor and calsequestrin has been demonstrated solely by use of fusion protein binding assays but not for native triadin or with use of purified proteins. In the work presented here, we have tested for the ability of junctin to bind to junctional SR proteins important for Ca 2ϩ release, with focus on analysis of cardiac membrane proteins. Using several different approaches, we demonstrate that junctin binds to both calsequestrin and the ryanodine receptor and, remarkably, also interacts directly with triadin. Our results provide strong support for a model in which a quaternary protein complex exists between junctin, triadin, calsequestrin, and the ryanodine receptor at the junctional SR membrane. This complex may be important for operation of Ca 2ϩ release during excitation-contraction coupling in cardiac and skeletal muscle.
EXPERIMENTAL PROCEDURES
Isolation of Cardiac Junctional SR Vesicles-Subfraction D microsomes enriched in junctional SR vesicles were isolated from canine left ventricles by sucrose gradient centrifugation as described previously (24) . Protein concentrations were determined by the method of Lowry et al. (25) .
Calsequestrin-Affinity Chromatography-5 mg of canine cardiac calsequestrin purified by phenyl-Sepharose chromatography (26) were covalently coupled to 1 ml of Affi-Gel 15 (Bio-Rad) according to the manufacturer's instructions. For calsequestrin-affinity chromatography, 15 mg of canine cardiac junctional SR vesicles were solubilized for 20 min at room temperature in 2 ml of medium containing 23 mM histidine, 0.19 M sucrose, 0.5 M NaCl, and 2% Triton X-100 (pH 7.2). The sample was centrifuged for 10 min at 100,000 rpm in a Beckman TL-100.3 rotor. The supernatant was diluted 1:5 in 20 mM MOPS, 1 mM EGTA, and passed through 1 ml of the calsequestrin-affinity matrix. The column was then eluted with four 1-ml washes of 20 mM MOPS, 150 mM NaCl, l mM EGTA, and 0.1% Triton X-100 (pH 7.2), followed by four 1-ml washes with the same buffer with 20 mM CaCl 2 replacing EGTA, and finally with three 1-ml washes of the Ca 2ϩ -containing buffer with the NaCl concentration increased to 0.5 M. The column fractions were then analyzed by SDS-PAGE followed by immunoblotting with antibodies to junctin and triadin. For protein staining with Coomassie Blue, the calsequestrin-binding proteins eluting with CaCl 2 in fractions 6 -8 were pooled and concentrated with a Centricon-30 prior to SDS-PAGE in 8% polyacrylamide (27) .
Expression and Purification of Recombinant Junctin-The fulllength cDNA encoding canine cardiac junctin (12) was excised from pBluescript by digestion with EcoRI and inserted into the EcoRI site of the baculovirus transfer vector pVL1392. The protein was then expressed in Sf21 cells using the BaculoGold TM System (Pharmingen) as recently described for phospholamban (28) . Sf21 cells expressing junctin were extracted with sodium carbonate (pH 11.4) to obtain a carbonate pellet highly enriched in the protein (29) . For partial purification of junctin, the protein was solubilized from the carbonate pellet using 0.5 M NaCl and 2% Triton X-100 and purified by phosphocellulose chromatography (12) . The recombinant protein eluted from the phosphocellulose column in 0.6 -0.8 M NaCl and 0.1% Triton X-100, as described recently for native junctin (12) , and was found to be approximately 85% pure by use of this method.
For purification of junctin to homogeneity we employed monoclonal antibody affinity chromatography. Mouse monoclonal antibody 5D8 to junctin was produced by injecting a BALB/c mouse with recombinant junctin partially purified by phosphocellulose chromatography as described above. Ascites fluid was obtained and the antibody covalently coupled to protein A-agarose using dimethylpimelimidate (30) . Recombinant junctin solubilized in Triton X-100 from the Sf21 cell carbonate pellet was then purified to homogeneity in one step by monoclonal antibody affinity chromatography as recently described for purification of recombinant phospholamban (29) . 5.5 mg of recombinant junctin were purified from 288 mg of carbonate pellet material. The identity of the protein was confirmed by immunoblotting and by amino acid sequencing (12) . Interestingly, recombinant junctin was found to be missing the N-terminal methionine residue as recently reported for native junctin (12) and also for triadin (11) .
125 I-Junctin Filter Overlay Assay-A filter overlay assay was used to detect 125 I-junctin binding proteins, patterned after a similar assay developed for detection of 125 I-calsequestrin-binding proteins (8, 12) . 300 g of purified recombinant junctin were iodinated with 2 mCi of 125 I using IODO-BEADS (Pierce) according to the manufacturer's specifications. For detection of 125 I-junctin binding proteins, 50 g of canine cardiac junctional SR vesicles were separated on an 8% SDS-polyacrylamide gel (27) and transferred to nitrocellulose. The nitrocellulose blot was blocked for 1 h with 1% horse hemoglobin dissolved in 20 mM MOPS, 150 mM KCl (pH 7.2), followed by washing three times for 5 min with the same buffer except in the absence of hemoglobin. Then 4 g of 125 I-junctin in a volume of 5 l was added to the blot in 20 ml of buffer containing 20 mM MOPS, 150 mM KCl, and 0.1% Triton X-100 and the incubation continued for 90 min at room temperature. At the end of the incubation, blots were washed three times for 15 min with the same buffer, and 125 I-junctin binding proteins were identified by autoradiography.
Membrane Solubilization-Canine cardiac junctional SR vesicles were solubilized for 1 h on ice at a protein concentration of 4 mg/ml in buffer containing 3% CHAPS, 1.0 M NaCl, 1 mM dithiothreitol, 20 mM Tris-HCl (pH 7.4), and protease inhibitors (10 M leupeptin, 2 M pepstatin, and 10 M Pefabloc). Solubilized proteins were obtained by centrifugation with a Beckman TL-100 rotor at 100,000 rpm for 5 min.
Immunoprecipitation-CHAPS-solubilized cardiac junctional SR proteins, prepared as above, were diluted 10-fold in 20 mM Tris-HCl (pH 7.4), 1 mM dithiothreitol, and protease inhibitors to reduce the high salt and detergent concentrations. The dilution buffer also contained 1 mM EGTA or the CaCl 2 concentrations indicated in the figure legends. 700 l of diluted supernatant was preincubated with 50 l of protein ASepharose CL-4B beads (Sigma) for 2 h at 4°C with rotary shaking and then sedimented to eliminate nonspecific binding. Antibodies were added to 700-l aliquots of the precleared supernatants, and the samples were incubated for 2 h at 4°C, followed by further incubation with 50 l of protein A-Sepharose CL-4B beads for 2 h. Immunoprecipitates were washed four times with buffer containing 20 mM Tris-HCl (pH 7.4), 0.15 M NaCl, and 0.3% CHAPS including EGTA or CaCl 2 as indicated. The proteins were eluted from the affinity beads by boiling in SDS-sample buffer containing 10% SDS and subjected to immunoblotting (12) . [ 3 H]Ryanodine binding to proteins adsorbed to affinity beads was measured as described below.
Construction of GST Fusion Proteins-Three GST fusion proteins were used in this work. N-junctin is the GST fusing protein containing the N-terminal, cytoplasmic domain of junctin (residues 1-23); C-junctin is the GST fusion protein containing the C-terminal, lumenal domain of junctin (residues 46 -210); and H-triadin (20) is the GST fusion protein containing the homologous lumenal domain of triadin (residues 69 -264). The pGEX vector with the insert for H-triadin was generously supplied by K. Campbell (20) . For preparation of N-junctin, DNA encoding residues 1-23 of junctin was generated by polymerase chain reaction from the canine cardiac clone (12) and inserted into the EcoRI site of pGEX-4T. H-triadin and N-junctin fusion proteins were expressed and purified from Escherichia coli BL-21 using glutathioneSepharose chromatography (Pharmacia Biotech Inc.). We observed that C-junctin expressed poorly in Escherichia coli, necessitating its purification from Sf21 cells. For preparation of C-junctin, DNA encoding residues 46 -210 of canine junctin (12) was generated by polymerase chain reaction and inserted in frame into the EcoRI site of pAcGHLT-A, a baculovirus transfer vector containing a 6xHis tag and a GST tag upstream of the multiple cloning sites. C-junctin was expressed in Sf21 insect cells and purified with use of Ni 2ϩ -nitrilotriacetic acid resin. All amplified fragments were confirmed by sequencing (31) .
Fusion Protein-Sepharose Affinity Binding Assay-Affinity matrices were prepared by immobilizing 30 -150 g of GST fusion proteins on 50 l of glutathione-Sepharose beads for 2 h at 4°C (Pharmacia). Diluted extracts containing CHAPS-solubilized junctional SR proteins (see above) were precleared with glutathione-Sepharose beads for 2 h at 4°C to eliminate nonspecific binding. Precleared supernatants were then incubated with the affinity matrices for 2 h at 4°C. Beads were washed in the same buffer used for immunoprecipitation assay, and bound proteins were eluted by boiling in SDS-sample buffer and then subjected to SDS-PAGE and immunoblotting. [ 3 H]Ryanodine binding to proteins absorbed to affinity beads was measured as described below.
Purification of the Cardiac Ryanodine Receptor-15 mg of canine cardiac junctional SR vesicles were suspended on ice in 3 ml of medium containing 3% CHAPS, 20 mM MOPS (pH 7.2), 1 M NaCl, 5 mM dithiothreitol, 0.2 mM CaCl 2 , 0.25 M sucrose, 5 mg/ml phosphatidylcholine, 50 g/ml Pefabloc, and 10 g/ml leupeptin. The sample was centrifuged at 50,000 rpm for 30 min in a Beckman Ti 70.1 rotor, and the supernatant was loaded on the top of a 35-ml, 10 -25% linear sucrose gradient in a Beckman VC53 rotor. The sucrose gradient contained the same buffer above with the CHAPS concentration reduced to 0.3% and the phosphatidylcholine concentration reduced to 1 mg/ml. Centrifugation was for 2 h at 50,000 rpm. Gradient fractions of 2 ml were collected, and aliquots were subjected to SDS-PAGE and analyzed for [ 3 H]ryanodine binding (24) . When the purified ryanodine receptor was used in the fusion protein binding assay, the sample from the sucrose gradient was diluted 1:10 in 20 mM Tris-HCl, 0.3% CHAPS to reduce the NaCl concentration to 0.1 M.
[ Solubilized receptors were precipitated with polyethylene glycol prior to filtration over glass-fiber filters (24) . Affinity beads containing bound receptors were filtered directly.
SDS-PAGE, Immunoblotting, and Antibodies-SDS-PAGE was conducted according to Porzio and Pearson (27) or Laemmli (32) . For detection of ryanodine receptors, 5% polyacrylamide was used, and for detection of all other proteins, 8% polyacrylamide was used. Immunoblotting with different antibodies was performed as described previously using 125 I-protein A to detect antibody-binding proteins (12) . Triadin polyclonal antibody (GP58) used in this study was a generous gift from K. Campbell. This antibody recognizes all triadin isoforms (20) . Antibodies to the unique C terminus of canine cardiac triadin 1 as well as to the purified recombinant protein were also raised in rabbits and affinity purified. Polyclonal antibodies to junctin (12) and calsequestrin (33) were raised in rabbits to the canine cardiac proteins and affinity purified as described (34). Mouse monoclonal antibody 5D8 to recombinant junctin was generated as described above. Monoclonal antibody 1E9 recognizing the cardiac isoform of the ryanodine receptor was raised to a fusion protein containing amino acids 2666 -2833 of the canine cardiac ryanodine receptor (35) .
RESULTS
Calsequestrin-Affinity Chromatography-In previous work we identified junctin as the major calsequestrin-binding protein in cardiac (and skeletal muscle) junctional SR vesicles by use of a filter overlay assay in which 125 I-calsequestrin was incubated with SR proteins blotted to nitrocellulose (8, 12) . The interaction between labeled calsequestrin and junctin was inhibited by Ca 2ϩ binding to calsequestrin, with half-maximal inhibition occurring at 0.5-0.6 mM added CaCl 2 . Several other calsequestrin-binding proteins were also detected in lesser amounts including triadin and a protein migrating just above the 31-kDa standard (8, 12) . Since the filter overlay assay included the relatively harsh step of SDS-PAGE, we decided to test for calsequestrin-binding proteins under more native conditions employing calsequestrin-affinity chromatography. Canine cardiac junctional SR vesicles were solubilized with 2% Triton X-100 and loaded on the affinity column equilibrated in EGTA-containing buffer (Fig. 1) . Calsequestrin-binding proteins were then eluted in buffer containing 20 mM CaCl 2 , a calcium concentration sufficient to disrupt all calsequestrin protein-binding interactions. Immunoblotting of the eluted fractions with triadin antibody revealed that triadin bound completely to the column and was eluted as a discrete peak in Ca 2ϩ -containing buffer (Fig. 1A, upper) . (The doublet of triadin immunoreactivity detected in Fig. 1 (Tri. ) was recognized by a generic triadin antiserum (20) as well as antiserum raised to the unique C terminus of canine cardiac triadin 1. This suggests that the doublet depicted arises from cardiac triadin 1.
Cardiac triadins 2 and 3 (20) were not detected in appreciable amounts in canine cardiac SR vesicles.) Approximately 75% of the junctin bound to the column, as demonstrated by use of the affinity purified junctin antibody (Fig. 1A, lower) . Junctin, however, eluted more broadly from the column than did triadin. The protein recognized by the junctin antibody which ran just above the 31-kDa standard (asterisk) is believed to be a junctin isoform (12) and is currently under investigation.
Proteins eluting with Ca 2ϩ in fractions 6 -8 were pooled and concentrated. SDS-PAGE followed by Coomassie Blue staining revealed a considerable enrichment of junctin and triadin in the concentrated fractions (Fig. 1B) . Quantitative immunoblotting (33) demonstrated that junctin and triadin in these fractions were purified 11.3-and 19.3-fold, respectively, from junctional SR vesicles. These results confirm that junctin and triadin are major calsequestrin-binding proteins and that the binding interaction of calsequestrin with these two proteins is relatively specific.
Co-immunoprecipitation of Calsequestrin and Junctin Solubilized from Canine Cardiac Junctional SR Vesicles-To test for interactions between endogenous junctin and calsequestrin, immunoprecipitation with detergent-solubilized junctional SR proteins was employed using anti-junctin or anti-calsequestrin antibodies (Fig. 2) . Junctin was immunoprecipitated from solubilized cardiac SR vesicles by anti-calsequestrin affinity purified antibodies (Fig. 2A) . In agreement with previous results using the 125 I-calsequestrin overlay method (8), Ca 2ϩ inhibited the binding interaction between calsequestrin and junctin, with half-maximal inhibition occurring between 0.6 and 0.8 mM CaCl 2 . Conversely, immunoprecipitation with anti-junctin antibodies brought down calsequestrin, and the binding interaction was inhibited over a similar Ca 2ϩ concentration range (Fig. 2B) . These results further confirm that junctin binds to calsequestrin and that the interaction between these two proteins occurs in Ca 2ϩ -regulated fashion. Based on these results, a considerable fraction of calsequestrin is expected to bind to junctin at the ionized Ca 2ϩ concentration estimated to occur in junctional SR in intact cardiac muscle (36). Identification of the Junctin Domain Associating with Calsequestrin-To identify the calsequestrin interaction domain of junctin, binding assays with GST fusion proteins were conducted. N-junctin (cytoplasmic domain) and C-junctin (lumenal domain) affinity beads were incubated with cardiac junctional SR proteins solubilized in CHAPS. Calsequestrin bound specifically to C-junctin affinity beads but did not bind to N-junctin affinity beads or GST beads alone (Fig. 3) . These results demonstrated that the calsequestrin-binding domain of junctin is localized to the lumenal portion of the molecule. Consistent with immunoprecipitation results, the binding interaction between C-junctin and calsequestrin was strongest when assayed in the absence of Ca 2ϩ but nonetheless remained significant even at millimolar Ca 2ϩ concentration (Fig. 3) . The two proteins co-precipitated by the C-junctin beads, migrating just above the 97-kDa molecular mass standard (Fig. 3) , are the calsequestrin-like proteins (26) , which were consistently observed in these experiments. These proteins cross-react with calsequestrin antibodies and share regions of amino acid sequence identity with calsequestrin (37). The calsequestrin-like proteins appear to be cross-linked products of calsequestrin (37) . The calsequestrin-like proteins were also immunoprecipitated in the experiments depicted in Figs. 2 and 6 but are not shown in these figures for brevity. hibited an identical mobility on SDS-PAGE as native junctin (lane 4) in cardiac SR vesicles.
To identify cardiac SR proteins interacting directly with junctin, junctional SR proteins were separated by SDS-PAGE, transferred to nitrocellulose, and overlaid with 125 I-junctin. 
I-junctin (right panel).
Among them were calsequestrin, the calsequestrin-like proteins, triadin, and junctin itself. The identities of these proteins were confirmed by immunoblotting with calsequestrin, triadin, and junctin antibodies (data not shown). The 125 I-junctin-binding protein migrating just above the 31-kDa molecular mass standard (asterisk) is the same protein apparent in Fig. 1A which is recognized by the junctin antibody (asterisk).
Junctin and Triadin Interactions-The apparently specific binding of recombinant junctin to triadin detected by the 125 Ijunctin filter overlay assay suggested that endogenous junctin in SR membranes might interact directly with endogenous triadin. To test this idea, detergent-solubilized cardiac SR vesicle proteins were immunoprecipitated with the triadin antibody. This antibody immunoprecipitated junctin and calsequestrin, whereas the preimmune serum was without effect (Fig. 6) . Like the junctin-calsequestrin interaction (Fig. 2) , the triadin-calsequestrin interaction was also inhibited by millimolar Ca 2ϩ (Fig. 6, middle panel) . Immunoprecipitation of junctin by triadin antibodies, however, was Ca 2ϩ -insensitive (lower panel), suggesting that the binding interaction between junctin and triadin occurred independently of any requirement for calsequestrin.
To test for a direct interaction between junctin and triadin, H-triadin affinity beads were employed (Fig. 7) . These affinity beads, containing the common lumenal domain of triadin, effectively adsorbed junctin from CHAPS-solubilized cardiac SR vesicles (Fig. 7A ). As observed with immunoprecipitation of the native proteins (Fig. 6) , triadin (H-triadin) binding to junctin was unaffected by the Ca 2ϩ concentration (Fig. 7A ). H-triadin affinity beads also bound purified recombinant junctin (Fig. 7B) , further confirming a direct interaction between these two proteins. Again, the binding interaction was Ca 
FIG. 7. H-triadin (H-Tri.) precipitation of junctin.
A, proteins from cardiac junctional SR vesicles solubilized in CHAPS (Input) were adsorbed to GST beads (GST) or H-triadin affinity beads (H-Tri.). B, purified recombinant junctin in Triton X-100 (Input) was adsorbed to GST or H-Tri. beads. Junctin binding to beads in A and B was monitored after four washes of beads in detergent-containing buffer followed by immunoblotting bound proteins with junctin monoclonal antibody 5D8. Binding and bead washing was conducted in buffer containing 2 mM Ca 2ϩ (Ca) or 1 mM EGTA (EGTA).
receptors by immunoblotting with a ryanodine receptor monoclonal antibody and also by [ . Control experiments demonstrated that sufficient junctin antibody beads were added to precipitate all of the endogenous junctin. These results suggest that a substantial fraction, but not all, of the cardiac ryanodine receptors were bound to junctin in the detergent extract. The junctin monoclonal antibody immunoprecipitated similar amounts of ryanodine receptors whether assayed in 1 mM EGTA or 2 mM Ca 2ϩ (data not shown).
To localize the region of junctin interacting with the cardiac ryanodine receptor, N-junctin and C-junctin affinity beads were incubated with cardiac junctional SR proteins solubilized in CHAPS (Fig. 9) . The H-triadin fusion protein, which has previously been shown to bind to the ryanodine receptor (20) , was included as a positive control. C-junctin and H-triadin affinity beads bound most of the solubilized ryanodine receptors, as detected by [ 3 H]ryanodine binding (upper) or by immunoblotting (lower) assays. N-junctin affinity beads or GST beads alone failed to interact with ryanodine receptors. The binding of the lumenal domain of junctin to the ryanodine receptor was dose-dependent, saturating at approximately 250 -500 g of junctin fusion protein added per 300 g of junctional SR protein analyzed (Fig. 10) . This suggests that under the conditions of the immunoprecipitation assay depicted in Fig. 8 , the inability of the endogenous junctin to bind all of the solubilized ryanodine receptors was probably a consequence of insufficient endogenous junctin.
To confirm that junctin binds directly to the ryanodine receptor and to exclude the involvement of intermediary binding proteins (calsequestrin, triadin, etc.), we purified the cardiac ryanodine receptor to homogeneity and tested for its ability to interact with C-junctin (Fig. 11) . H-triadin binding to the purified ryanodine receptor was also tested. The purified cardiac ryanodine receptor exhibited a [ 3 H]ryanodine binding activity of 168 pmol/mg protein and migrated as single high molecular weight protein band on SDS-PAGE (Fig. 11A) . No calsequestrin, junctin, or triadin was detected in the purified preparation by immunoblotting with antibodies recognizing these proteins. Approximately 75-80% of the total [
3 H]ryanodine binding sites were precipitated by the C-junctin or H-triadin affinity beads (Fig. 11B) , which was confirmed by immunoblotting with the ryanodine receptor monoclonal antibody (Fig. 11C) . Thus the lumenal domains of junctin and triadin bind directly to the ryanodine receptor with no intervening proteins required. Like the interaction of junctin with triadin, binding of these fusion proteins to the purified ryanodine receptor was Ca 2ϩ -independent (data not shown).
DISCUSSION
It has been previously proposed that junctin and triadin are likely candidates for the linker proteins connecting calsequestrin to the ryanodine receptor at the junctional face membrane (8, 12, 19, 20) . However, evidence presented to date supporting this concept has been somewhat limited. Evidence for junctin's role as an anchoring protein comes mainly from its ability to bind 125 I-calsequestrin in filter overlay assays (8, 12, 36) , whereas evidence for triadin's role as an anchoring protein comes mainly from the ability of several fusion proteins to bind calsequestrin and the ryanodine receptor in affinity binding assays (19, 20) . Interactions between native junctin and triadin and other proteins endogenous to SR membranes have not been investigated systematically. Here, by a combination of several approaches including affinity chromatography, immunoprecipitation assay, protein overlay assay, and fusion protein analysis, we have provided additional strong support for a proteinanchoring function for both junctin and triadin at the junctional SR membrane. Our results identify a core complex of proteins that may be required for orchestrated control of Ca 2ϩ release in cardiac muscle. We consider the ability of junctin to interact directly with calsequestrin, triadin, and the ryanodine receptor in order below. A cartoon model of these interactions is depicted schematically in Fig. 12 .
Junctin was originally identified as a major calsequestrinbinding protein of junctional SR vesicles by use of a filter overlay binding method (8, 12) . In the present study we confirmed the binding of junctin to calsequestrin under more native conditions employing calsequestrin-affinity chromatography. Binding of junctin to the affinity matrix occurred in Ca 2ϩ -regulated fashion, as observed previously with use of the 125 Icalsequestrin overlay method (8, 38) . Although all of the junctin solubilized from cardiac SR vesicles did not bind to the affinity column, whereas all the triadin solubilized was quantitatively retained (Fig. 1) , it is difficult to deduce from this type of experiment whether junctin or triadin binds more tightly to calsequestrin. This is because all of the endogenous calsequestrin in cardiac SR vesicles passed freely through the affinity column along with the junctin that was not retained (data not shown). This unretained junctin could have been complexed with the endogenous calsequestrin. The broad elution of junctin from the calsequestrin-affinity column in Ca 2ϩ -containing buffer compared with the sharp elution of triadin ( Fig. 1) suggests that junctin may indeed bind more strongly to calsequestrin than triadin. However, experiments with the individually purified proteins will ultimately be required to establish the relative affinities of junctin versus triadin for calsequestrin. Although the absolute amount of junctin associated with calsequestrin at the junctional SR membrane was not determined in this study, co-immunoprecipitation assays with detergent extracts from whole SR vesicles suggested that the amount is substantial. Fusion protein analyses localized the calsequestrin-binding domain of junctin to amino acid residues 46 -210, the intralumenal region containing 55% charged residues. Calsequestrin also contains a high density of charged residues (7), suggesting that electrostatic forces between junctin and calsequestrin may stabilize the binding interaction (Fig. 12) . Consistent with this, KCl concentrations of 500 mM or greater disrupted all of the protein interactions presently described. The retention of junctin binding to calsequestrin after SDS-PAGE, as assessed by 125 I-junctin (this study) or 125 Icalsequestrin (8, 12, 38) overlay assays, provides further support that charge-charge interactions requiring minimal higher order structure may be sufficient for protein binding. The compact folding of calsequestrin upon binding Ca 2ϩ (8) is probably responsible for its loss of interaction with junctin and triadin at very high Ca 2ϩ concentration (Ն10 mM). At the average physiological Ca 2ϩ concentration in the SR lumen (ϳ1 mM) (36), however, considerable calsequestrin remains bound to junctin and triadin even when the proteins are substantially diluted into immunoprecipitation or fusion protein binding buffers. Calsequestrin contains clusters of both positively and negatively charged amino acids at the N-terminal end of the molecule (7) , and experiments are currently in progress to test if this region participates in its binding to junctin (and triadin).
An unexpected finding from this study is that junctin binds directly to triadin. Three different approaches were used to confirm this finding. In the first approach, using the 125 Ijunctin overlay method, we observed that junctin bound directly to the triadin doublet. In the second approach, triadin antibodies immunoprecipitated junctin from detergent-solubilized junctional SR proteins and this interaction occurred independently of any requirement for calsequestrin. In the third approach, H-triadin affinity beads were shown to precipitate junctin solubilized from SR vesicles as well as purified recombinant junctin. In contrast to junctin and triadin interactions with calsequestrin, the junctin interaction with triadin was Ca 2ϩ -independent. The junctin binding domain was localized to residues 69 -264 of triadin, the common lumenal domain also interacting with calsequestrin and the ryanodine receptor (20) . Thus it appears that the highly charged lumenal domains of junctin and triadin are equally capable of binding to calsequestrin, to the ryanodine receptor (see below), and, surprisingly, even to each other. The unusual feature common to the lumenal domains of triadin and junctin is their highly charged nature (ϳ50% charged residues) with frequent runs of alternating positively and negatively charged amino acids. Realini et al. (21, 22) have noted that such KEKE motifs are present in a number of Ca 2ϩ -binding proteins and have proposed that such charged regions represent protein association domains. Similar protein association domains, described as "polar zippers," have been described by Perutz (23) . We hypothesize that the KEKE motifs shared by junctin and triadin are required for their specific interactions with each other, as well as with other junctional SR proteins that contain a high density of charged residues. Note that Fig. 5 demonstrates that 125 I-junctin is even capable of binding to itself immobilized on nitrocellulose as well as to the protein of approximately 31 kDa (asterisk), which is thought to be a junctin isoform (12) . This suggests the possibility for the formation of protein complexes in the plane of the SR membrane where junctin and triadin are present in relatively high concentration; these protein complexes may target calsequestrin to the membrane in proximity to the ryanodine receptor.
The similarities in protein structure and subcellular localization between triadin and junctin led us to investigate whether junctin, like triadin (19, 20) , is capable of binding to the ryanodine receptor. We indeed observed this interaction and, moreover, demonstrated that junctin and triadin bind directly to the purified ryanodine receptor with no intervening proteins required. Immunoprecipitation data obtained with the junctin monoclonal antibody confirmed that endogenous junctin in cardiac SR vesicles binds a considerable fraction of the total ryanodine receptors solubilized from the membranes by detergent (Fig. 8) . Failure to immunoprecipitate all of the ryanodine receptors with the junctin antibody could be due to a fraction of the receptors containing bound triadin competing for the junctin binding sites or to other factors, such as a lowered binding affinity of the ryanodine receptor for junctin when the proteins are solubilized from the membrane and diluted into detergent solution. Since the lumenal domains of junctin and triadin are sufficient for binding to the ryanodine receptor, it appears that in intact muscle these proteins must interact with the ryanodine receptor from the lumenal surface of the SR membrane. The second intralumenal loop of the cardiac and skeletal muscle ryanodine receptors, connecting transmembrane segments 3 and 4, is highly conserved and is enriched in charged amino acids (39) . It is possible that intralumenal loop 2 of the ryanodine receptor binds to KEKE motifs common to triadin and junctin. Based on our biochemical assays with purified proteins, junctin and triadin interactions with the ryanodine receptor are predicted to be Ca 2ϩ -independent. In summary, a simple model for the protein interactions occurring at the junctional membrane has junctin and triadin highly concentrated in the plane of the membrane and interacting directly with each other (Fig. 12) . The C-terminal, lumenal domains of junctin and triadin contribute equally to the binding of calsequestrin, which by itself is incapable of binding to the ryanodine receptor. The lumenal domains of junctin and triadin also bind directly to the ryanodine receptor and by this fashion anchor calsequestrin to the membrane in proximity to the Ca 2ϩ release channel. Junctin and triadin interactions with the ryanodine receptor are Ca 2ϩ -independent, whereas junctin and triadin binding to calsequestrin may be Ca 2ϩ -regulated, for example as the Ca 2ϩ concentration within the junctional SR rises and falls during muscle relaxation and contraction. Cooperativity of binding between the four proteins of the complex may be facilitated by electrostatic interactions between KEKE domains of junctin and triadin and the propensities of these proteins to aggregate by charged interactions. Junctin is a prominent protein component of both skeletal and cardiac muscle junctional SR membranes (12) , and it may be that this protein acts as scaffold to collect and tether diverse molecules at the junctional interface. Resolution of the issue of whether junctin simply serves as a structural agent to retain calsequestrin at the SR junction or also plays a more active role in regulating Ca 2ϩ release will require further investigation. However, it should be noted that several investigators have proposed that Ca 2ϩ binding to calsequestrin directly regulates the amount of Ca 2ϩ released by the ryanodine receptor (15) (16) (17) (18) and that three studies have implicated junctin and 29-to 30-kDa proteins, which may be junctin isoforms, in mediating this regulatory mechanism (15, 40, 41) .
